Abstract Angiotensin-converting enzyme (ACE) has been well-recognized for its role in blood pressure regulation. ACE is made by many tissues, though it is most abundantly expressed on the luminal surface of vascular endothelium. ACE knockout mice show a profound phenotype with low blood pressure, but also with hemopoietic and developmental defects, which complicates understanding the biological functions of ACE in individual tissue types. Using a promoter-swapping strategy, several mouse lines with unique ACE tissue expression patterns were studied. These include mice with ACE expression in the liver (ACE 3/3), the heart (ACE 8/8), and macrophages (ACE 10/10). We also investigated mice with a selective inactivation of either the N-or C-terminal ACE catalytic domain. Our studies indicate that ACE plays a role in many other physiologic processes beyond simple blood pressure control.
Introduction
Since the early 1980s, the routine use of angiotensinconverting enzyme (ACE) inhibitors in clinical medicine has established that this enzyme plays an important role in blood pressure control and electrolyte balance, mostly due to the conversion of angiotensin I (Ang I) to angiotensin II (Ang II). Recently, the development of genetic techniques has facilitated new ways to study ACE. The result has been that this old friend continues to provide surprises, as scientists have discovered its many in vivo functions apart from its well-known role in cardiovascular system. ACE (peptidyl dipeptidase A, CD143, EC 3.4.15.1) is a zinc-dependent dipeptidyl carboxypedtidase. In vertebrates, two isoforms of ACE have been characterized, somatic ACE (sACE) [1, 2] and testis ACE (tACE) [3, 4] . sACE is the isozyme made by endothelium and other somatic tissues. It is composed of two homologous catalytic domains, generally known as the N-and C-domains. In contrast, tACE is the result of testis-specific transcription from a distinct and separate promoter in the ACE gene [5, 6] ; it is only composed of the C-domain. Both isoforms of ACE are glycosylated [2, 7] . ACE is a type I ectoenzyme anchored to cell membranes by a hydrophobic C-terminus [8] . While most ACE is bound to cells, the shedding of ACE releases active enzyme into the extracellular milieu.
Zinc-dependent peptidases such as ACE can be traced back to invertebrates [9] and even bacteria [10] . Typically, these proteins are composed of a single catalytic domain. In contrast, the sACE found in vertebrates have two independent catalytic domains with a high conservation of both amino acid and exon structure. This suggests that vertebrate ACE is the result of gene duplication. The principal functional unit of each ACE domain is the M2-type zinc metallopeptidase motif, HEMGH. Although the two domains of sACE share many enzymatic properties, they can be differentiated by substrate and inhibitor preferences, as well as chloride dependence [11] .
When assessed by RT-PCR, ACE was found in all 72 human tissues tested [12] . ACE is abundantly expressed on the luminal surface of vascular endothelium [13] , where it is well positioned to immediately respond to the fluctuating levels of circulating substrates, such as angiotensin I. ACE is also highly expressed by epithelial cells of many tissues, including kidney and the gastrointestinal tract [14] . In leukocytes, ACE expression is induced during the differentiation of human monocytes into both macrophages and dendritic cells [15, 16] . In the testes, sACE is made by Leydig cells [17] , while tACE is made by germinal cells, such as spermatids [6] . There is no tACE equivalent in ovaries, since this tissue only makes sACE which is found in germinal epithelium [18] . ACE is also found in various body fluids as the solubilized form shed from tissues [19] . Therefore, ACE has access to substrates originating from different tissues. As compared to renin, ACE is a relatively non-specific enzyme, and it acts to remove C-terminal dipeptides from a variety of naturally occurring substrates. These substrates are short peptides, which vary in length from protected tripeptides (such as chemotactic peptide) to tridecapeptides (such as neurotensin). Large and folded substrates are not generally susceptible to ACE-mediated cleavage [20] . The wide spectrum of substrates for ACE and its ubiquitous distribution throughout the body already subtly suggest that this enzyme may be involved in physiologic and pathologic processes other than blood pressure control. This is further supported by the finding of functional ACE-like enzymes in invertebrates, which lack an identifiable renin-angiotensin system.
ACE knockout mice
One of the first insights into the many physiologic roles of ACE was the analysis of "null" or knockout mice created via targeted homologous recombination in embryonic stem cells. Our group analyzed ACE knockout mice (termed 'ACE 1/1') and found many changes from normal animals. The loss of ACE resulted in a marked reduction of blood pressure, abnormalities of blood electrolytes, structural lesions of the kidney, the inability to concentrate urine, anemia, and male reproductive defects [21, 22] . Although a knockout mouse is an extremely important tool, the great advantage of the knockout model-the total lack of a particular protein from conception until the death of the animal-is also a major limitation. An animal null for a protein represents an extreme phenotype, which is quite different from a human treated with a pharmacological inhibitor. Moreover, in the setting of a complex phenotype such as that seen in an ACE knockout mouse, it is easy to imagine that one physiologic defect (for example low blood pressure) may induce secondary physiologic consequences.
Consider another example: ACE knockout mice are anemic. It is difficult to know whether the anemia is a secondary consequence of the renal abnormalities present in ACE null mice or is due to a direct effect of ACE on erythropoiesis. Thus, examining knockout mice alone is not fully satisfying in understanding the role of this enzyme in an organby-organ fashion. To facilitate more a detailed analysis, our group has generated mouse models in which ACE expression is altered either by selective inactivation of one of the two ACE catalytic domains or by promoter 'swapping' so that ACE is made only in limited tissue types. We introduce these models below and show how each contributes to the idea that the physiologic roles of ACE are more diverse than previously understood.
Mice with the inactivation of one catalytic domain of ACE
Although ACE catalysis has been studied extensively in vitro, the exact physiologic relevance of each of the two catalytic domains of ACE is unknown. To study whether there are true physiologic differences in the function between the ACE N-and C-domains, we created mouse models in which point mutations were introduced into the ACE gene inactivating only one of the sACE catalytic domains. This was achieved by selectively replacing the histidines in one of the zinc-binding motifs with lysines, rendering that domain catalytically inactive. Mouse models lacking either the N-or C-domains of sACE are termed ACE 7/7 [23] and ACE 13/13 [24] (Fig. 1) . The introduction of point mutations does not change the expression profile of sACE, as determined by Western blot analysis of ACE expression by individual tissues. Both ACE 7/7 (N-domain knockout) and ACE 13/13 (C-domain knockout) have a normal blood pressure. However, the manner in which each of these two models manages to maintain normal blood pressure is different. In the plasma from ACE 7/7 mice, the concentrations of Ang I, Ang II, and renin are not different from that of wild-type (WT) mice. This suggests that the Cdomain alone (the active domain in ACE 7/7 mice) plays the major role in normal blood pressure control. In contrast, ACE 13/13 mice maintain normal plasma levels of angiotensin II and a normal blood pressure by increasing plasma levels of Ang I by about 7-fold. Thus, ACE 13/13 mice, a model lacking C-domain ACE activity, can only maintain a normal blood pressure by up-regulating renin concentrations (3-fold), markedly up-regulating plasma Ang I and thus, forcing normal concentrations of plasma Ang II. This conclusion was supported by experiments in which Ang I was infused intravenously while monitoring acute blood pressure changes. ACE 7/7 mice (which maintain normal function of the ACE C-domain) respond to Ang I infusion similar to WT mice. In contrast, ACE 13/13 mice (which possess N-domain activity) respond with a slower and much less vigorous conversion of angiotensin I to angiotensin II, and with subsequently less elevation in acute blood pressure.
Two other conclusions are important in considering ACE 7/7 and ACE 13/13 mice. First, both models showed normal plasma levels of bradykinin 1-7 and bradykinin 1-9, suggesting no particular domain preference in the degradation of bradykinin. With the ACE 7/7 mice (Ndomain knockout) we also examined the plasma levels of AcSDKP (N-domain-specific substrate) and its role in erythropoiesis. AcSDKP has been suggested as an erythrocyte lineage bone marrow-suppressive peptide [25] . The elevation of AcSDKP has been suggested as a possible reason for anemia in ACE null mice (ACE 1/1). Not surprisingly, ACE 7/7 mice have an elevated AcSDKP level in both plasma and urine, but this had no influence on basal hematocrit measurements or the ability of the mice to recover after phenylhydrazine-induced anemia. This experiment strongly suggests that the anemia induced in ACE null mice is almost certainly due to factors other than AcSDKP. Further, it calls into question whether AcSDKP is a bone-marrow-suppressive peptide in vivo.
Tissue-restricted expression of ACE
To investigate the role of ACE in an organ-by-organ fashion, we have genetically modified the ACE locus to disassociate ACE expression from the somatic ACE promoter and place it under the control of different tissuespecific promoters (Fig. 2) . In each of these models, the expression profile of ACE is different from that of a WT mouse since now ACE is strictly regulated by the tissuespecific expression pattern of the new promoter, which is typically different from that of the endogenous somatic ACE promoter. One example is ACE 3/3 mice, in which an albumin promoter directs expression of ACE so that most ACE in the body is made by hepatocytes [26] . The importance of this model centers on the question of the relative importance of systemic versus local expression of ACE. In WT mice, localized expression of ACE on the surface of vascular endothelium is thought responsible for the local delivery of Ang II to vascular smooth muscle. ACE 3/3 mice have approximately 80% normal plasma ACE activity, probably due to shedding of ACE by hepatocytes. However, these mice totally lack ACE expression by vascular endothelium. Thus, the ACE 3/3 mice represent a unique way of assessing whether ACE expression by vascular endothelium is obligatory for normal blood pressure control. ACE 3/3 mice have a normal blood pressure. They respond to fluid restriction by concentrating urine in a fashion indistinguishable from WT mice. Their renal histology is unremarkable. And they have a hematocrit that is normal. Thus, this model shows that sufficient compensatory activity exists in the renin-angiotensin system to totally adjust for lack of ACE expression by vascular endothelium.
More intriguing discoveries came when other mouse lines were developed. One line is ACE 8/8, in which ACE Fig. 2 Promoter manipulation as a means of selective expression of ACE. In the ACE 3/3 gene, homologous recombination was used to position a neomycin resistance cassette (neo R ) and an albumin promoter cassette between the somatic ACE promoter and exon 1. The neo R cassette works for both positive selection and to block the somatic ACE promoter, such that the structural portion of the ACE gene is now under the control of the albumin promoter Fig. 1 Generation of ACE 7/7 mice lacking N-terminal ACE catalytic activity. Arrows indicate both the somatic and testis ACE promoters. Black boxes represent exons 1-25 of sACE. A testis-specific exon is indicated in the gray box located between exons 12 and 13. Exons 8 and 20 (patterned boxes) include the N-and C-catalytic domains of sACE, respectively. Site-directed mutagenesis was used to convert the zinc-binding domain within the eighth exon (N-domain) from HEMGH to KEMGK. A neomycin resistance cassette (neo R ), used for positive selection, was inserted into the seventh intron of the ACE gene. A thymidine kinase (TK) cassette, used for negative selection, was inserted at the 5′-end of the construction. The resulting allele contains both mutated N-domain of ACE and neo gene (''targeted allele''). Excision of the neo gene by Cre recombinase resulted in the final mutated allele with a residual 34-base pair loxP sequence present in the seventh intron. To create ACE 13/13 mice, the same approach was used except for this line, we targeted that C-terminal catalytic site present in exon 20. ACE 13/13 mice have an N-terminal domain equivalent to WT mice expression is directed by the cardiac-specific α-myosin heavy chain promoter [27] . This model was developed to test the widely accepted idea that elevated cardiac levels of Ang II are deleterious. In the heart, Ang II was implicated in regulating cardiac remodeling and promoting cardiac hypertrophy [28, 29] . Hence, we believed that creating a mouse model in which ACE was selectively expressed in cardiac tissue would result in elevated local production of Ang II. ACE 8/8 mice express between 50-and 100-fold normal cardiac ACE levels, with ACE expression found on the surface of cardiac myocytes. Cardiac Ang II peptide levels are approximately 4-fold those of WT mice, while plasma Ang II levels are comparable to those of WT mice. In this model, some ACE is also made by tissues of the lung. ACE 8/8 mice have a systolic blood pressure of about 102 mm Hg (WT have approximately 111 mm Hg), normal ventricular size and normal left ventricular contraction velocity. ACE 8/8 mice show no evidence of heart failure, pericardial effusion or increased ventricular fibrosis. However, ACE 8/8 mice are not normal, as indicated by a markedly increased mortality observed after weaning. Examination of this model documented increased atrial size and, perhaps more important, a variety of cardiac electrical abnormalities, including various degrees of atrioventricular heart block and a marked reduction of cardiac electrical amplitude. These mice are prone to ventricular tachycardia. The electrical abnormalities reflect a major reduction of cardiac connexin 40 and connexin 43, the gap junction proteins responsible for cell-cell electrical coupling [30] .
While the basic defects of the ACE 8/8 mice are relatively clear, the explanation for the biochemical abnormalities is more complex. This conclusion is the result of studying compound heterozygous mice created by breeding ACE 8/8 mice with ACE 1/1 mice. The compound mice, designated ACE 1/8, have one ACE null allele ('1') and one ACE allele targeting expression to the heart ('8') [31] . Because of this, these mice express less cardiac ACE than ACE 8/8 mice but still have most of their ACE expression restricted to heart tissues. Even though compound heterozygous mice have elevated levels of cardiac Ang II (similar to ACE 8/8 levels), they do not show the structural or electrical defects observed in ACE 8/8 mice. In addition, aortic banding generated equivalent levels of cardiac hypertrophy in ACE 1/8 mice as compared to WT controls, suggesting that the local increase of cardiac Ang II present in ACE 1/8 mice did not augment cardiac hypertrophy beyond the hemodynamic changes induced by banding. The study of ACE 1/8 mice, as well as ACE 8/ 8 mice genetically lacking the production of angiotensinogen, strongly suggests that abnormal cardiac levels of Ang II are not responsible for the pathologies observed in the ACE 8/8 mice. Interestingly, a recent review has discussed the role of Ang II as a mediator of left ventricular hypertrophy, apart from its role in elevating blood pressure. This concluded that most evidence in mice does not support a direct role of cardiac Ang II in the induction of ventricular hypertrophy [32] .
ACE expression in macrophages
Recently, we reported another mouse line called ACE 10/ 10, in which ACE is overexpressed by monocyte and macrophage-lineage cells [33] . In this model, ACE gene expression is regulated by the c-fms promoter. ACE 10/10 mice have normal plasma ACE activity and normal blood pressure, without any anatomic defects. Recent studies by other groups have suggested that Ang II and the receptor for Ang II may be involved in tumor growth, angiogenesis, or metastasis [34] [35] [36] . Because of this, we challenged ACE 10/10 mice with mouse models of melanoma or lymphoma. Surprisingly, the ACE 10/10 mice showed an enhanced inflammatory response that markedly limited tumor growth. These findings were reversed by treating ACE 10/10 mice with ACE inhibitors, indicating that it is the presence of ACE, and not its absence from endothelium, that is responsible for the phenotype. Investigation of the immune response showed that tumor challenge of ACE 10/10 mice resulted in increased numbers of tumor-specific CD8 T cells, as compared to WT mice challenged in an equivalent fashion. Enhanced tumor resistance was transferable to WT mice by bone marrow transplantation from ACE 10/10 mice. Macrophages from tumor-bearing ACE 10/10 mice had an increased pro-inflammatory profile characterized by increased interleukin (IL)-12 and nitric oxide expression but a decrease of IL-10. These effects do not appear mediated by Ang II since both pharmacologic inhibition of the AT 1 receptor or genetic elimination of angiotensinogen production did not affect enhanced tumor resistance. In contrast, the elimination of CD8 T cells converted ACE 10/ 10 mice to fully tumor susceptible.
Our group is actively pursuing the mechanisms for the increased immune response observed in ACE 10/10 mice. A possible explanation incorporating the changed phenotype of macrophages with increased CD8 T cell numbers is that ACE overexpression by macrophages may enhance processing of some peptides by antigen-presenting cells. However, there seems little doubt that the changes noted in ACE 10/10 mice are complex, as indicated by experiments where naive ACE 10/10 macrophages were stimulated with lipopolysaccharide (LPS) in vitro. Cells from ACE 10/10 mice secreted far more pro-inflammatory cytokines (such as TNF-α and IL-12) than WT cells. These results show that even without the interplay between T cells and antigenpresenting cells, the ACE overexpressing macrophages from ACE 10/10 mice are intrinsically different from similar WT cells.
Conclusion
ACE and the renin-angiotensin system contribute to blood pressure regulation. Further, there is overwhelming evidence showing an important role of ACE inhibition in treating heart failure. What recent studies show is that ACE probably plays a role in many other physiologic processes. Indeed, the manipulation of ACE expression levels, as present in ACE 10/10 mice, suggests a means by which ACE expression levels may be regulated as a strategy for immune modulation, potentially impacting a variety of common human diseases. Whether such approaches ultimately contribute to an ability to enhance human resistance to tumors or even to chronic infections remains to be seen, but such studies suggest that the role of the peptidase ACE is significantly more complicated than just the conversion of Ang I to Ang II.
